ABSTRACT. Proton exchange membrane (PEM) electrolyzers are attracting an increasing attention as a promising technology for the renewable electricity storage. In this work, near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is applied for in situ monitoring
anodes during water splitting. We demonstrate that Ir protects Ru from the formation of an unstable hydrous Ru(IV) oxide thereby rendering bimetallic Ru-Ir oxide electrodes with higher corrosion resistance. We further show that the water splitting occurs through a surface Ru(VIII) intermediate, and, contrary to common opinion, the presence of Ir does not hinder its formation.
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Water electrolysis via proton exchange membrane (PEM) cells is considered as the up-andcoming means for sustainable hydrogen production in the order of megawatts. 1 However, its efficiency is limited by the high overpotential of the oxygen evolution reaction (OER). 2, 3 RuO 2 and IrO 2 are among the few most active electrode materials, which can withstand harsh acidic and oxidizing environment of the anode of a PEM electrolyzer, and have thus been the focus of detailed investigations (see 2, [4] [5] [6] and Refs therein). However, the development of sufficiently stable anode materials with low OER overpotentials is still a challenge.
Various tools, such as electrochemical methods, [7] [8] [9] [10] [11] [12] X-ray absorption spectroscopy, 3, 13 as well as ex situ X-ray photoelectron spectroscopy (XPS), 7, [14] [15] [16] [17] have been applied to probe the state of Ir and Ru-based anodes and its dependence on the electrode potential. Already in the early studies, Kötz et al. proposed the OER mechanism involving changes in the red-ox states of Ru and Ir. However, this tentative mechanism has not been unambiguously confirmed yet.
While RuO 2 is more active and cheaper than IrO 2 , it is prone to the electrochemical corrosion, which starts even before the OER onset 18 and prevents utilization of non-stabilized RuO 2 for large scale PEM electrolysis. Corrosion of Ru anodes was attributed to formation of soluble, volatile and poisonous Ru(VIII) compounds (supposedly RuO 4 ). 13, 18, 19 Bimetallic anodes based on Ru and Ir oxides combine the catalytic activity of RuO 2 and the stability of IrO 2 and have thus attracted considerable attention. 2, 4, 16, 20, 21 On the basis of ex situ XPS and electrochemical studies, the Ir stabilization was proposed through a common valence band formation preventing RuO 4 generation. 21 Nevertheless, considering that RuO 4 could not be detected on the anode surface, the origin of the stabilizing influence of Ir is still uncertain.
Recent years have witnessed an increased interest 3, 13, 14, [22] [23] [24] in Ru-and Ir-based anodes as oxygen evolution catalysts due to the increase of the share of renewable electricity in the energy mix and an ensuing strengthening of the R&D in the area of water electrolysis. However, the lack of the understanding of the Ir stabilization mechanism hinders the development of active and stable anode catalysts for PEM electrolyzers.
Thanks to its surface sensitivity and the capability to distinguish elements in various oxidation states, XPS has been widely applied to studies of mono-and bimetallic Ru(Ir) anodes after they were subjected to the OER. 16 However, conventional UHV-based XPS is insufficient to study the dynamic nature of interfacial processes. This limitation is overcome with the advent of the so-called near-ambient-pressure XPS (NAP-XPS), 25 which has recently demonstrated its potential for operando investigations of electrocatalytic materials. 17, [26] [27] [28] In this work, we apply NAP-XPS and perform an operando investigation of membrane As the electrode potential is shifted positive, the contribution of RuO 4(s) surface species declines ( Figures 3C and D Figure S11B in the Supporting Information). Conversely, the contribution of the hydrated phase to the monometallic RuO 2 electrode does not descend but continuously increases upon potential cycling suggesting the irreversibility of the anhydrous-to-hydrous oxide transition (Figures S11B and S12 in the Supporting Information). We thus conclude that Ru(OH) x is formed as a result of the catalytic OER cycle. We suggest that the main role of Ir lies in stabilizing Ru in the form rutile-type phase, preventing its irreversible transformation into a less stable hydroxide form, which is prone to corrosion. The effect of the surface hydration on the activity of IrRu-based catalysts has been discussed previously, 10 but not yet unequivocally confirmed.
As to the Ru(VI) species, which in the literature is often denoted as RuO 3 Ir oxide occurs via a mechanism, which involves an anion-rather than the cation red-ox cycle as recently documented in refs 34, 35 . Meanwhile, the Ir/Ru atomic ratio increased with the applied potential (cf. Figure S14 in the Supporting Information), confirming the Ir surface enrichment in the OER region also documented in previous studies. 15, 16 The observed increase of the Ir/Ru atomic ratio with the applied potential may be attributed to the loss of Ru, which may either occur via partial dissolution of the Ru(VIII) species in the liquid phase (electrolysis in a liquid electrolyte or in a membrane-electrode assembly in contact with liquid water) or their sublimation into the gas phase (this work).
In conclusion, we have discovered a new degradation mechanism of Ru-Ir anodes by analyzing in situ the surface oxidation states of PEM electrolyzer MEAs, operating at near ambient pressure. Our study reveals significant potential-dependent changes in the valence state as well as the degree of hydration of Ru, which cannot be detected using ex situ methods. We demonstrate that under operation rutile-type RuO 2 anodes gradually and irreversibly transform into a hydrous Ru(IV) oxide form, while Ir stabilizes Ru in the anhydrous rutile phase. We point out that RuO 4(s) surface oxide is formed on the anode surface and acts as the OER intermediate. 
